Introduction {#sec1-1}
============

Tamoxifen is a potent anticancer agent known to interrupt the enhanced estrogen activity of malignant mammary gland cells and approved by the U.S. Food and Drug Administration (FDA) as an adjuvant therapy for breast cancer. Tamoxifen is the most widely prescribed anticancer drug across the globe. Tamoxifen benefits the breast cancer patients with an increase in overall survival, decreases in recurrence and the risk of contralateral disease.\[[@ref1]\] Tamoxifen has beneficial effects on bone density and lipid profiles. It displays estrogen-like effects in the relevant organs and tissues, and decreases the incidents of cardiovascular mortality.\[[@ref2][@ref3][@ref4]\] Tamoxifen antagonizes estrogen (E2)-regulated gene expression, and can promote the reexpression of E2-repressed genes and regulate the expression of E2-independent genes.\[[@ref5]\] Tamoxifen is most beneficial for younger women with an elevated risk of breast cancer. It decreases the incidence of invasive and noninvasive breast cancer, and is also involved in the reduction of the incidence of fractures.\[[@ref6][@ref7][@ref8]\] In various meta-analysis of tamoxifen therapy, the incidents of contralateral breast cancers decreased to 50% in women receiving postoperative adjuvant tamoxifen therapy, as compared to untreated women in the control group.\[[@ref9][@ref10][@ref11][@ref12][@ref13][@ref14][@ref15]\] Following long-term therapy, tamoxifen can induce endometrial and liver canser, thromboembolic disorders, the drug resistance of tumors and other disorders.\[[@ref1][@ref16][@ref17]\]

Solid tumors possess unique pathophysiological characteristics, such as extensive angiogenesis, defective vascular architecture, impaired lymphatic drainage and recovery system, and increased production of a number of permeability mediators. These result in leaky tumor vasculature with enhanced capacity for the uptake of macromolecules, including colloidal drug carriers, and are collectively known as the enhanced permeability and retention (EPR) effect.\[[@ref18][@ref19]\] In an attempt to increase the local concentration of tamoxifen in estrogen receptor (ER)-positive breast cancer cells, a nanotamoxifen was formulated and characterized.\[[@ref20]\] The anticancer efficacy of such a system was increased many folds. It could be predicted that such a delivery system might provide better therapeutic benefits by delivering the drug locally for a longer period of time and reducing the systemic side effects.

Nitric oxide (NO) decreases the activity of platelets and neutralizes free radicals, and thus helps in preventing atherosclerosis. NO is produced by the action of endothelial NO synthase (eNOS/NOS3) and neuronal NO synthase. Neuronal NO synthase (nNOS/NOS1) is a heme protein that exists in its inactive form as a monomer, but dimerizes before action. Inducible NO synthase (iNOS/NOS2) is induced mostly during inflammation, and is expressed on macrophages, smooth muscle cells, and hepatocytes; it is responsible for pathological vasorelaxation. The eNOS is membrane-bound, while nNOS and iNOS are present in soluble form. NO is removed from circulation mostly by reaction with free radicals such as superoxides. Reduction of NO levels is the indicator of free radical formation.\[[@ref21]\]

We have undertaken this study in rats to determine the subacute toxicity in rats after daily oral dosing with nanotamoxifen for 15 days and 30 days, with a focus on endpoints commonly affected by tamoxifen. These include hematological aspects, organ histopathology, and NO levels.

Materials and Methods {#sec1-2}
=====================

Materials {#sec2-1}
---------

Tamoxifen and 2 hydroxypropyl-β-cyclodextrin (HPβCD) were purchased from Sigma-Aldrich (Sigma-Aldrich, Co, USA) and nanotamoxifen nanotamoxifen was formulated in our lab. Animal experiments were done after taking permission from the institutional Ethics Committee for animals. The animals used, Wistar albino rats (200-250 g), were housed in cages. Forty female albino Wistar rats of 200-250 g body weight and aged around 7 weeks were obtained from the institute\'s animal house and were housed in steel mesh cages under standard environmental conditions at 25°C ± 2°C, in a 12-h light: 12-h dark cycle; a conventional rodent diet and water were allowed *ad libitum*; acidic Griess reagent (pH 2), glycine buffer (100 μm, glycine; 100 μm, NaCl; and 40 μm, HCl), and NaNO2 were used for NO estimation.

Methods {#sec2-2}
-------

### Oral dosing and toxicity studies of nanotamoxifen {#sec3-1}

Wistar albino rats approximately 7 weeks old were marked and weighed before the start of oral treatment. A total of 30 female rats were divided into four groups: one control (*n* = 6) and three dose groups (*n* = 8 each) for nanotamoxifen. Nanotamoxifen was administered orally as an aqueous solution. Throughout the study, all animals were inspected twice daily. Nanotamoxifen was administered daily by gavage to all dose groups of for 15 days and 30 days at dose levels 5 μg/kg, 30 μg/kg, and 200 μg/kg body weight. As previously described, 200 μg/kg/day was taken as the maximum tolerated dose (MTD).\[[@ref22]\] Control rats were not given any treatment. After 15 days, four rats from each group were scarified and their organs (liver, kidney, breast, uterus, ovary, pancreas) were removed for histopathology. Blood was collected by cardiac puncture for plasma chemistry. Body weight loss/gain and the plasma chemistry of all groups including the control group were observed. Serum aspartate aminotransferase (AST) alanine transaminase (ALT), and alkaline phosphatase (ALP) levels were selected as parameters to measure hepatotoxicity. A standard curve was generated using different concentrations (50 μm, 25 μm, 12.5 μm, 6.25 μm, 3.125 μm, and 1.565 μm) of NaNO~2~ and absorbance values were recorded by photometer at 546 nm. Blood samples were centrifuged at 500 rpm for 5 min and serum was collected. Equal volume of Griess reagent (pH 2) and 40 μL of glycine buffer were added and incubated for 15 min at 37°C, and the absorbance was recorded at 546 nm. NaNO~2~ concentrations were extrapolated using standard curves.\[[@ref21]\]

### Radiolabeling and biodistribution of nanotamoxifen {#sec3-2}

Nanotamoxifen was radiolabeled with Technetium-99m pertechnetate (^99m^TcO~4~^-^) by the stannous chloride reduction method, in which 100 μg nanotamoxifen was dissolved in sterile water for injection, stannous chloride in dil. HCl was added, and the pH was adjusted to 6.5. Labeling efficiency was assessed by instant thin-layer chromatography (ITLC) using methyl ethyl ketone (MEK) as a solvent front. For biodistribution studies, radiolabeled nanotamoxifen was injected in normal Wistar albino rats (*n* = 6) and the images were acquired under gamma camera (Mill VG, G E Electronics, Hyfa Israel) 15 min, 1 h, and 3 h after intravenous injection (*n* = 3). The animals were sacrificed after the images were acquired. The organs were removed and counted by using a scintillation well counter (Biodex, Biodex Medical Systems, Inc. USA). The percentage of injected dose per gram of the tissues (%ID/g) was calculated.

Statistical analysis {#sec2-3}
--------------------

Quantitative variables have been expressed as the mean and standard deviations have been used to summarize qualitative data. Two-sample Wilcoxon rank-sum (Mann-Whitney) tests were used to assess treatment-related toxicity at various time points. *P* \<0.05 was considered to indicate a significant difference at 15 days and 1 month.

Results {#sec1-3}
=======

General condition and body weight {#sec2-4}
---------------------------------

The rats were in good condition throughout the study period. The doses were well-tolerated. All animals in all dose groups showed normal feed consumption. The body weight was independent of the amount of doses, and there was no effect on body weight during the study period (*P* \> 0.05).

Blood biochemical parameters {#sec2-5}
----------------------------

The nanotamoxifen particles were spherical and nanometer-sized, ranging 60-180 nm.\[[@ref20]\] The nanotamoxifen was administered orally to normal Wistar albino rats. Their serum creatinine (cre) levels after 15 days for control, 5-μg, 30-μg, and 200-μg doses were 0.40 ± 0.14, 0.80 ± 0.14; 0.88±0.05; and 0.60 ± 0.24, respectively. The results demonstrated an increase in cre after 15 days of daily administration, but the levels were decreased to the baseline level after 1 month of daily dosing \[[Figure 1a](#F1){ref-type="fig"}\]. No morphological nephrocellular injuries were observed in the histopathology of kidneys of the rats after 15 days or 30 days from oral nanotamoxifen administration.

![(a) Histogram showing average ± S.D (*n* = 3) of cre, bil, alb, glob, tp, ua per dose group (D1 = 5 μg, D2 = 30 μg, D3 = 200 μg) for 15 days (-1) and 30 days (-2) of exposure to oral nanotamoxifen (b) Histogram showing average ± S.D (*n* = 3) of serum glutamic oxaloacetic transaminase (SGOT) or AST, serum glutamic-pyruvic transaminase (SGPT) or ALT, ALP, tc, urea per dose group D1 = 5 μg, D2 = 30 μg, D3 = 200 μg) for 15 days (-1) and 30 days (-2) exposure to oral nanotamoxifen](WJNM-15-7-g001){#F1}

AST (360 ± 111.13, 552.50 ± 67.66, 604 ± 46.71,), ALT (443.25 ± 6.65, 811 ± 14.83,), and ALP 590.25 ± 56.21, 617.75 ± 83.64, 704.5 ± 27.29) levels in blood were increased from baseline after 15 days of oral dosage of nanotamoxifen \[[Figure 1b](#F1){ref-type="fig"}\]. However, the levels of these enzymes were restored within 30 days of oral administration. Hepatocellular necrosis, fatty changes, and fibrosis were not observed even after 1 month of oral dosing in all dose groups. The levels of bilirubin (bil), albumin (alb), globulin (glob), total protein (tp), uric acid (ua), total cholesterol (tc), and urea remained unaltered throughout the study period \[[Figure 1](#F1){ref-type="fig"}\]. No significant difference was observed in the nitrite level, an index of NO, with either of the three nanotamoxifen doses (5 μg, 30 μg, and 200 μg) even after 1 month of oral administration \[[Table 1](#T1){ref-type="table"}\].

###### 

Mean serum concentration of NaNO~2~ after 15 days and 30 days of daily oral administration of nanotamoxifen, 5 μg, 30 μg, and 200 μg, in albino Wistar rats

![](WJNM-15-7-g002)

On histopathological studies, ovary showed no unusual maturation with all three doses up to 1 month. In the uterus, the epithelium, subepithelium, and muscles were normal. Overall, the endometrium mucosa and cervix were normal with 5-μg and 30-μg doses. Mild increases in cellular proliferation in the endometrium and mucus accumulation in cervical cells, with 200-μg/kg doses, was observed at 30 days (1 month). Breast tissue showed no abnormal change throughout the study period.

Biodistribution study {#sec2-6}
---------------------

Nanotamoxifen was labeled with ^99m^Tc, with \>98% labeling efficiency. ^99m^Tc-nanotamoxifen imaging after 15 min showed the heart, kidney, and bladder activities. The 3hr image \[[Figure 2](#F2){ref-type="fig"}\] show high concentration of ^99m^Tc-nanotamoxifen in urinary bladder and kidneys. The rats were sacrificed after imaging and the organs were counted in a well counter. The histogram represents the average percentage of injected dose per gram \[[Figure 3](#F3){ref-type="fig"}\]. Approximately 14% ID/g in blood, \~31% ID/g in kidney, \~1.3% ID/g in heart, \~2.2% ID/g in spleen, \~3% ID/g in lung \~ 7% ID/g in liver, and \~ 2% ID/g in bone were observed. Ovary, uterus, and breast showed 1.66% ID/g, 1.54% ID/g, and 1.45% ID/g activity, respectively. Intestine and thyroid exhibited negligible ^99m^Tc-nanotamoxifen uptake.

![Gamma camera images of Albino wistar rats after Tc-99m-nanotamoxifen injection from tail vein. (a) 15 min, (b) 1hr, (c) 3hr post intravenous injection. B-blood, Bo-bone, M-muscle](WJNM-15-7-g003){#F2}

![^99m^Tc-nanotamoxifen-organ distribution (3 h post injection) in albino Wistar rats](WJNM-15-7-g004){#F3}

Discussion {#sec1-4}
==========

The oral tamoxifen administration has no significant effect on the body weight of the rats at 15 days and at 1 month. The levels of bil, alb, glob, tp, ua, tc, urea remained unaltered throughout the study period. The results showed an increase in cre after 15 days of administration, but the cre levels were decreased to the baseline level, the same as that of control, after 1 month of administration. No morphological nephrocellular injuries were observed on histopathology of the kidneys of the rats after 15 days as well as 30 days of oral nanotamoxifen administration. AST, ALT, and ALP levels in blood were also increased after 15 days of daily oral dosing, but were reduced to baseline levels within 30 days with continuing oral administration. One month of oral dosing showed no cellular toxicity in histopathology. These results demonstrated that nanotamoxifen was well-tolerated in the liver and also that the nanotamoxifen had no adverse effect on the biochemistry of blood.

The biodistribution studies of nanotamoxifen demonstrated predominantly renal excretion \[[Figure 2](#F2){ref-type="fig"}\] and low uptake in the rest of the tissues. Nanotamoxifen showed excellent *in vivo* stability, as no uptake, at any point of time, was visualized in the thyroid. ^99m^Tc-nanotamoxifen remained in the circulation at high levels after intravenous injection (14% after 3 h). The liver uptake was only \~7% ID/g after 3 h \[[Figure 3](#F3){ref-type="fig"}\]. Normally, nanoparticles are recognized as foreign and removed by the reticuloendothelial system (RES), the defence mechanism of the body. Our nanotamoxifen particles were prepared with HPβCD, rich in hydroxyl moiety (i.e. it is hydrophilic), and helped to escape liver (RES). The circulating nanoparticles will concentrate in the tumor due to the property of EPR of tumor vasculature.\[[@ref18][@ref19]\] Tamoxifen is metabolized in the liver to 4-hydroxytamoxifen (4OH-tamoxifen) and N-desmethyltamoxifen. 4OH-tamoxifen is an active metabolite and responsible for cellular proliferation in uterus.\[[@ref23]\] NO is short-lived, diffusible, and cytotoxic. The nitrite level, an index of NO, was unaltered in the treated rats and the controls, with no pathophysiological alterations in liver tissue, indicating that there was no free-radical production during nanotamoxifen treatment.\[[@ref21]\]

Conclusion {#sec1-5}
==========

Nanotamoxifen is safe as an oral formulation. Radiolabeled nanotamoxifen when given via intravenous route could escape the liver and may have further application as a theranostic tool for ER-positive breast cancer.
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